Abstract Many important signaling proteins require the posttranslational addition of fatty acid chains for their proper subcellular localization and function. One such modification is the addition of palmitoyl moieties by enzymes known as palmitoyl acyltransferases (PATs). Substrates for PATs include C-terminally farnesylated proteins, such as H-and N-Ras, as well as N-terminally myristoylated proteins, such as many Src-related tyrosine kinases. The molecular and biochemical characterization of PATs has been hindered by difficulties in developing effective methods for the analysis of PAT activity. In this study, we describe the use of cell-permeable, fluorescently labeled lipidated peptides that mimic the PAT recognition domains of farnesylated and myristoylated proteins. These PAT substrate mimetics are accumulated by SKOV3 cells in a saturable and timedependent manner. Although both peptides are rapidly palmitoylated, the SKOV3 cells have a greater capacity to palmitoylate the myristoylated peptide than the farnesylated peptide. Confocal microscopy indicated that the palmitoylated peptides colocalized with Golgi and plasma membrane markers, whereas the corresponding nonpalmitoylatable peptides accumulated in the Golgi but did not traffic to the plasma membrane. Overall, these studies indicate that the lipidated peptides provide useful cellular probes for quantitative and compartmentalization studies of protein palmitoylation in intact cells.-Draper, J. M., Z. Xia, and C. D. Smith. Cellular palmitoylation and trafficking of lipidated peptides.
Abstract Many important signaling proteins require the posttranslational addition of fatty acid chains for their proper subcellular localization and function. One such modification is the addition of palmitoyl moieties by enzymes known as palmitoyl acyltransferases (PATs). Substrates for PATs include C-terminally farnesylated proteins, such as H-and N-Ras, as well as N-terminally myristoylated proteins, such as many Src-related tyrosine kinases. The molecular and biochemical characterization of PATs has been hindered by difficulties in developing effective methods for the analysis of PAT activity. In this study, we describe the use of cell-permeable, fluorescently labeled lipidated peptides that mimic the PAT recognition domains of farnesylated and myristoylated proteins. These PAT substrate mimetics are accumulated by SKOV3 cells in a saturable and timedependent manner. Although both peptides are rapidly palmitoylated, the SKOV3 cells have a greater capacity to palmitoylate the myristoylated peptide than the farnesylated peptide. Confocal microscopy indicated that the palmitoylated peptides colocalized with Golgi and plasma membrane markers, whereas the corresponding nonpalmitoylatable peptides accumulated in the Golgi but did not traffic to the plasma membrane. Overall, these studies indicate that the lipidated peptides provide useful cellular probes for quantitative and compartmentalization studies of protein palmitoylation in intact cells. A major mechanism by which cells regulate the subcellular localization of proteins is through posttranslational lipid modifications that increase the hydrophobicity of proteins, promote their localization to specific cellular compartments, and/or alter their conformation (reviewed in Refs. [1] [2] [3] [4] [5] [6] . Many important signaling proteins, including Ras proteins and Src-related tyrosine kinases, require localization to the plasma membrane to activate their downstream effector proteins (2, (7) (8) (9) (10) (11) (12) . Accumulating evidence demonstrates that targeting of these signaling proteins to the plasma membrane is facilitated by posttranslational lipidation reactions and that blocking the enzymes that catalyze these reactions is an effective means of blocking signaling through these pathways (13) (14) (15) (16) (17) .
One such lipidation process is thioesterification, also known as palmitoylation, in which a 16 carbon palmitate group is covalently attached to one or more cysteine residues in a target protein. A variety of proteins are known to be palmitoylated (3, 7, 18) , and many of these proteins can be separated into groups based on motifs adjacent to the site(s) of palmitoylation (3) . One group of palmitoylated proteins contains a C-terminal farnesyl motif, whereas a second group contains an N-terminal myristoyl motif. Both types of proteins undergo multistep posttranslational modification to effectively localize to the plasma membrane. The farnesylated group, which includes proteins such as H-, N-, and K2A-Ras (3, 18) , contains a C-terminal CAAX motif that is required for palmitoylation of a cysteine located near the C-terminal farnesylcysteine (19) . After farnesylation of the cysteine of the CAAX motif by farnesyltransferase, the AAX residues are proteolytically removed and the new C terminus is carboxymethylated. The final modification consists of the attachment of palmitate groups to cysteines near the C-terminal farnesylcysteine through a thioester linkage to the sulfhydryl of the target cysteine, which is catalyzed by a palmitoyl acyltransferase (PAT) enzyme (13, 19) . This final lipid modification is required to target these Ras isoforms to the membrane and for complete activation of their transforming ability (13, 20, 21) . The myristoylated and palmitoylated group of proteins includes several Src-related kinases such as Lck and Fyn and is characterized by an N-terminal methionylglycyl sequence closely followed by a cysteine residue. In this case, the processing involves the cleavage of the N-terminal methionine, thereby creating an N-terminal glycine that is modified by the addition of a myristate moiety through the action of N-myristoyltransferase. Similar to the reactions discussed above, the myristoylation modification is necessary for the subsequent palmitoylation of one or more cysteine residues near the N-terminus of the protein via a PAT (3, 22, 23) . As with the C-terminal modified proteins, the palmitoylation modification is required for effective localization of these proteins to the plasma membrane and for effective signal transduction (14) (15) (16) .
Because distinct motifs at the C and N termini of these proteins direct their palmitoylation, we (24) (25) (26) (27) and others (3) have hypothesized that different PAT enzymes recognize and palmitoylate these classes of proteins. The existence of motif-specific PATs is of interest because of the roles of palmitoylated proteins in the cell. Many of these proteins, such as the Ras proteins and Src-related tyrosine kinases, are involved in signaling pathways that drive cellular survival and proliferation (28) (29) (30) (31) . The fact that the functions of these proteins are predicated on their specified subcellular localizations makes the enzymes that catalyze their posttranslational modifications attractive drug targets. In fact, the enzymes involved in the posttranslational modifications of Ras proteins are considered prime targets for anticancer drugs (32, 33) . However, the primary focus for the development of anti-Ras agents has been on the process of farnesylation. This is partly because the farnesyltransferases have been cloned (34, 35) and used in screens to identify and develop inhibitors (36, 37) . In contrast, the identification and characterization of human PATs has been hindered by the lack of defined assays to characterize these enzymes and to identify small molecule inhibitors.
We previously described indirect cellular assays that can be used to screen chemical libraries for PAT inhibitors (27) and in vitro PAT assays that can be used for low-throughput confirmation of PAT inhibitory activity (24, 25) . However, these methods are still insufficient to directly measure PAT activity in intact cells, which would be highly useful in the molecular identification of human PAT enzymes and biochemical studies of the regulation of these PATs. Therefore, in these studies, we sought to develop quantitative and efficient cellular assays to characterize PAT activity in intact cells using peptides that mimic the palmitoylation motifs of farnesyl-and myristoyl-directed PATs. The data demonstrate that synthetic lipidated peptides provide excellent tools to conduct such studies on PAT activity as well as studies of the role of palmitoylation in the subcellular trafficking of lipidated proteins.
MATERIALS AND METHODS

Materials
Palmitoyl-CoA, 2-mercaptoethanol, and DMSO were purchased from Sigma (St. Louis, MO). Alexa Flour 594-conjugated wheat germ agglutinin (WGA; W11262), Hoechst 33342, and BODIPY TR C 5 -ceramide (B34400) were purchased from Molecular Probes (Eugene, OR). The fluorescent peptides 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)-CLC(OMe)-Farn and Myr-GC-NBD were synthesized as t-butyl-disulfide-protected precursors by solution-phase chemistry using mild conditions to maintain chemically labile functional groups (e.g., the farnesyl-cysteine thioether linkage), as described previously (38, 39) . These peptides (1 or 5 mM in DMSO) were stored under argon at 280jC and deprotected immediately before use by incubation with 2-mercaptoethanol/DMSO (2.7:97.3 or 12:88, v/v, respectively) containing 50 mM Tris, pH 8.0, at 55jC for 20 min with agitation. Peptides containing alanine residues in the place of the cysteine residues [i.e., NBD-ALC(OMe)-Farn and Myr-GA-NBD], to be used as nonpalmitoylatable controls, were synthesized by parallel methods.
Cell culture
All cell culture reagents were obtained from Gibco Co. (Grand Island, NY). SKOV3 cells (American Type Culture Collection HTB-77) were maintained in DMEM containing 10% fetal bovine serum, 1 mM sodium pyruvate, and 50 mg/ml gentamycin at 37jC in an atmosphere of 5% CO 2 and 95% air.
Cytotoxicity assays
To determine the potential cytotoxic effects of the peptides, SKOV3 cells were plated onto 96-well microtiter plates and allowed to attach for 24 h. The peptides were resuspended in DMSO as a vehicle and diluted in standard culture medium to various concentrations. The cells were subsequently incubated with the peptides for 2 h at 37jC. Toxicity was determined by measuring the amount of lactate dehydrogenase (LDH) released, as an indication of cell permeability, using the CytoTox-One Homogeneous Membrane Integrity Assay kit from Promega (Madison, WI).
Cellular palmitoylation assay
In dose-response studies, SKOV3 cells were grown to confluence and incubated for 60 min at 37jC with one of the test peptides (or DMSO as vehicle) in culture medium at final concentrations varying from 0.1 to 80 mM. In time-course studies, the cells were grown to confluence and incubated with one of the test peptides at 1 mM in culture medium at 37jC for times varying from 5 to 120 min. For all experiments, the parent peptides and the palmitoylated peptide products were collected from the cells using the following standard extraction protocol. After incubation with the peptide, the cells were washed twice with ice-cold PBS, killed by the addition of ice-cold 50% methanol, scraped, and transferred to a glass test tube. The peptides were extracted into the organic phase by the addition of potassium carbonatebuffered dichloromethane-water-methanol (4:3:1, v/v) and lowspeed centrifugation. The organic phase was transferred to another tube, and the remaining aqueous phase was extracted once more with buffered dichloromethane. The organic fractions were combined, dried under nitrogen, and analyzed immediately by HPLC as indicated below. As controls for the retention times of the nonpalmitoylated and palmitoylated peptides, each peptide (10 mM) was incubated with 100 mM palmitoyl-CoA in high-pH acylation buffer [50 mM citrate, 50 mM phosphate, 50 mM Tris, and 50 mM 3-(cyclohexylamino) propane-1-sulfonic acid, pH 8.2] at 37jC for 10 min with agitation. The samples were extracted as described above and subjected to HPLC analysis as indicated below.
HPLC method for quantifying peptide palmitoylation
Assay extracts were dissolved in 27 ml of DMSO, and the peptides were resolved on a reverse-phase Chromolith RP-8e column (2 mm, 300 Å , 4.6 mm 3 100 mm) using a methanol gradient at a flow rate of 1 ml/min. Initially, the mobile phase was maintained at 30% methanol and 70% water for 1 min, followed by a linear gradient of 30-100% methanol over 5 min. The mobile phase was maintained at 100% methanol for 6 min and then decreased on a linear gradient to 30% methanol over 2 min. The peptides were detected by the fluorescence of their fluorophore NBD at its optimal excitation and emission wavelengths of 465 and 531 nm, respectively. Peptides that eluted at the retention time of peak B (see Fig. 3 below) were shown by mass spectroscopy to be palmitoylated, whereas peptides eluting at any other time were nonpalmitoylated. The mean values of the area under the curve (AUC) for each treatment were converted to femtomoles of peptide using a standard curve generated by direct injection of known quantities of the peptides. The percentage of peptide palmitoylated was calculated as the mass of peak B divided by the total peptide mass in the sample.
Confocal laser microscopy
Confocal microscopy was performed using a Zeiss LSM 510 NLO Laser Scanning Microscope with Multiphoton Excitation and Zeiss software (Confocal Microscopy Core at the Medical University of South Carolina). To monitor the trafficking of the peptides in SKOV3 cells over time, the cells were incubated with Hoechst 33342 (2 mg/ml) for 10 min at 37jC in DMEM without phenol red or serum, washed twice with warm medium, and then incubated with peptide (1 mM). The cells were maintained at 37jC in 5% CO 2 , and images were captured at times from 15 to 120 min. To compare the localization of the peptides with the plasma membrane, the cells were incubated with peptide (1 mM) in DMEM without phenol red or serum at 37jC. After 15 min, AF594-WGA (15 mg/ml) was added, and the cells were further incubated for an additional 15 min at 37jC. The medium was then removed, and the cells were washed twice with fresh medium and observed directly by confocal microscopy. Localization of the peptides to the Golgi apparatus was determined by incubating the cells with BODIPY TR C 5 -ceramide (0.17 mg/ml) on ice for 30 min (40) . The cells were then washed twice with ice-cold HBSS (Gibco), and warm medium containing 1 mM peptide was added. The cells were incubated for 30 min at 37jC, washed twice, and visualized as above. All images presented are single sections.
RESULTS
Cytotoxicity of lipidated peptides
The NBD-CLC(OMe)-Farn peptide (Fig. 1) is a farnesylated tripeptide that mimics the C terminus of H-Ras and provides the putative recognition motif for PATs, which palmitoylate the cysteine residue of C-terminally lipidated proteins. The NBD-ALC(OMe)-Farn peptide is identical to NBD-CLC(OMe)-Farn except that it has a nonpalmitoylatable alanine substituted for the cysteine residue. Similarly, the Myr-GC-NBD peptide (Fig. 1) is a myristoylated dipeptide that mimics the N termini of several Src-related tyrosine kinases and provides the putative recognition motif for PATs, which palmitoylate the adjacent cysteine residue. The corresponding nonpalmitoylatable peptide Myr-GA-NBD has an alanine substituted for the cysteine residue. Because of the hydrophobicity of the lipidated peptides, it was necessary to determine their toxicities toward SKOV3 cells under conditions that were used in subsequent experiments. Therefore, the toxicities of the peptides after 2 h were measured using the LDH release assay. As indicated in Fig. 2A , there was no induc- 
Cellular palmitoylation of lipidated peptides
The elution times of parent and palmitoylated peptides were determined using reverse-phase HPLC analyses. Pure parental (nonpalmitoylated) peptide eluted at the positions defined in the top row of Fig. 3 . In vitro incubation of the Fig. 3 ), which were confirmed by mass spectroscopy to be the palmitoylated forms of the peptides. As expected, replacement of the cysteines with alanines in the NBD-ALC(OMe)-Farn and Myr-GA-NBD peptides blocked their abilities to be palmitoylated. In addition, because the retention times of the nonpalmitoylated and palmitoylated cysteine-containing peptides are well resolved, the method allows for the quantification of the amount of palmitoylated and nonpalmitoylated peptide. Therefore, in further experiments, the AUC of the peak at a retention time equivalent to that of peak B was considered to represent the palmitoylated peptide, and the AUC of peak A was considered to represent the nonpalmitoylated peptide.
Determination of the ability of the peptides to be palmitoylated by intact cells was examined by incubating SKOV3 cells for 60 min at 37jC with a 1 mM concentration of each peptide. The cells were subsequently washed, and the cellular lysates were extracted and subjected to reversephase HPLC analysis (bottom row of Fig. 3) . The results indicate that the NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides are palmitoylated by SKOV3 cells, manifested as a decrease in peak A and a corresponding increase in peak B. In contrast, the NBD-ALC(OMe)-Farn and Myr-GA-NBD peptides remain nonpalmitoylated, which allows them to be used as nonpalmitoylatable peptides in the cellular localization studies described below.
Kinetics of peptide palmitoylation by SKOV3 cells
To examine the kinetics of peptide palmitoylation in SKOV3 cells, dose-response curves were generated by incubating the cells for 60 min at 37jC with peptides at concentrations of 1-80 mM. As demonstrated in Fig. 4A ,
-GC-NBD peptide increased in a roughly linear manner until a concentration of 40 mM was reached. At concentrations of 2.5 mM and lower, the uptake of the two peptides was not significantly different; however, at concentrations of 10 mM and greater, the uptake of the Myr-GC-NBD peptide was significantly greater than that of the NBD-CLC(OMe)-Farn peptide. Figure 4B indicates that significant amounts of nonpalmitoylated NBD-CLC(OMe)-Farn accumulate in cells treated with peptide concentrations of 2.5 mM or greater. In contrast, nearly all of the Myr-GC-NBD peptide is palmitoylated, even when it is given at high concentrations (Fig. 4C) . This is summarized in Fig. 4D , which demonstrates that the majority of Myr-GC-NBD peptide is palmitoylated regardless of peptide concentration, whereas maximal palmitoylation of the NBD-CLC(OMe)-Farn peptide occurred at peptide concentrations up to 1.0 mM and decreased significantly at higher concentrations. Because maximal palmitoylation was observed for both peptides at a concentration of 1 mM, this concentration was chosen for all further experiments.
To determine the effects of exposure duration on peptide uptake and palmitoylation, SKOV3 cells were incubated with a 1 mM concentration of either the NBD-CLC(OMe)-Farn or the Myr-GC-NBD peptide at 37jC for times of 5-120 min. As indicated in Fig. 5A , both peptides were accumulated by the cells in a linear manner until ?30 min, when uptake of the peptides reached a plateau. The Myr-GC-NBD peptide was rapidly palmitoylated by the cells such that .60% of the peptide was modified at the earliest measurable time point, and levels of nonpalmitoylated peptide did not increase over the 60 min time course. In contrast, 
Subcellular trafficking of palmitoylated peptides in SKOV3 cells
To examine the intracellular fate of the lipidated peptides, SKOV3 cells were incubated for 30 min at 37jC with 1 mM NBD-CLC(OMe)-Farn (Fig. 6A-C) , NBD-ALC(OMe)-Farn ( Fig. 6D-F) , Myr-GC-NBD (Fig. 6G-I) , or Myr-GA-NBD (Fig. 6J-L) peptide and monitored by fluorescence confocal microscopy. At this time point, at least 75% of the NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides are palmitoylated (Fig. 5) , whereas none of the NBD-ALC(OMe)-Farn or Myr-GA-NBD peptides are palmitoylated (Fig. 3) . Staining with WGA was used to localize the plasma membranes of the cells (Fig. 6A, D , G, J) and produced the expected peripheral staining pattern. Figure 6B , E, H, K indicate that each of the peptides readily entered the cells. Strong peptide fluorescence colocalized with WGA (Fig. 6C, I ), indicating that high percentages of the palmitoylated NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides were associated with the plasma membrane. However, minimal peptide fluorescence colocalized with WGA (Fig. 6F, L) , indicating that the nonpalmitoylated NBD-ALC(OMe)-Farn and Myr-GA-NBD peptides were not associated with the plasma membrane. In addition, perinuclear peptide fluorescence resembling the Golgi apparatus was observed by all peptides but was much more pronounced with the nonpalmitoylated NBD-ALC(OMe)-Farn and Myr-GA-NBD peptides (Fig. 6E, K) than with the palmitoylated NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides (Fig. 6B, H) .
The localization of the peptides to the Golgi apparatus was confirmed by further confocal microscopy studies in which SKOV3 cells were incubated with 1 mM NBD-CLC(OMe)-Farn (Fig. 7A-C) , NBD-ALC(OMe)-Farn (Fig. 7D-F) , Myr-GC-NBD (Fig. 7G-I) , or Myr-GA-NBD (Fig. 7J-L) peptide for 30 min at 37jC. The Golgi apparatus was concurrently labeled by the addition of BODIPY TR C 5 -ceramide (Fig. 7A, D, G, I ). Overlays of the images (Fig. 7C, F, I , L) demonstrated that the bulk of the nonplasma membrane-associated peptide fluorescence of the NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides (Fig. 7C, I ) was associated with the Golgi apparatus and that nearly all of the peptide fluorescence of the NBD-ALC(OMe)-Farn and Myr-GA-NBD peptides (Fig. 7F, L) was associated with the Golgi apparatus.
The kinetics of intracellular trafficking of the lipidated peptides were evaluated in studies depicted in Fig. 8 . SKOV3 cells were incubated with Hoechst for 10 min at 37jC, then with 1 mM NBD-CLC(OMe)-Farn (Fig. 8A-D) , NBD- ALC(OMe)-Farn (Fig. 8E-H) , Myr-GC-NBD (Fig. 8I-L) , or Myr-GA-NBD ( Fig. 8M-P) peptide at 37jC for 15-120 min. Fifteen minutes was taken as the earliest time point to ensure that the NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides were maximally palmitoylated. Significant amounts of each peptide were observed in the cells at the earliest time point; however, the distribution of NBD-CLC(OMe)-Farn (Fig. 8A) included both the plasma membrane and the Golgi, whereas Myr-GC-NBD (Fig. 8I ) was essentially localized exclusively to the plasma membrane. In contrast, at 15 min, both the NBD-ALC(OMe)-Farn (Fig. 8E) and Myr-GA-NBD (Fig. 8M ) peptides were localized in the Golgi apparatus. As time progressed, the NBD-CLC(OMe)-Farn peptide (Fig. 8A-D ) maintained localization to both the plasma membrane and the Golgi, whereas the Myr-GC-NBD peptide (Fig. 8I-L) increased Golgi localization and became both Golgi-and plasma membrane-associated. In contrast, both the NBD-ALC(OMe)-Farn (Fig. 8E-H) and Myr-GA-NBD ( Fig. 8M-P) peptides remained primarily localized to the Golgi for at least 120 min.
DISCUSSION
The importance of protein lipidation for the proper localization and activity of many signaling proteins has been discussed extensively (2, (7) (8) (9) (10) (11) (13) (14) (15) (16) . Because these proteins are involved in important signaling pathways, including cell survival, proliferation, and activation (28-31), inhibition of their lipidation has been considered an attractive area for new drug development. In this context, most effort has focused on developing inhibitors of farnesyltransferases. Inhibitors of PATs have been slower to develop because the identities of the enzymes are not yet well characterized, although significant progress has occurred over the past few years (27, 41, 42) . Seminal studies in yeast identified Efr2/Erf4 as a PAT for yeast Ras (43) and Akr1 as a PAT for yeast casein kinase (44) . The conserved DHHC domain of these proteins was hypothesized to represent a signature catalytic motif for PATs and has provided a starting point for the characterization of human PATs. For example, we recently demonstrated that human HIP-14 (DHHC17) is a farnesyl-directed PAT that causes oncogenic transformation of fibroblasts when over- Lipidated peptides that mimic palmitoylation motifs have been used by us to quantify palmitoylation in vitro (24) (25) (26) (27) and by others to study trafficking, localization, and membrane interactions in live cells (46) (47) (48) (49) (50) . In particular, studies by Schroeder et al. (46, 47) were instrumental in demonstrating that lipopeptides that mimic protein palmitoylation sites are useful tools for the analyses of PAT activity and protein trafficking. In this study, we sought a quantifiable intact-cell assay to characterize cellular PAT activities using fluorescent peptides that mimic the two putative recognition motifs for enzymatic palmitoylation. We previously used HPLC after in vitro assays to separate fluorescent lipidated PAT substrate peptides from the corresponding products (25) (26) (27) 38) . The current data clearly demonstrate that the NBD-CLC(OMe)-Farn and Myr-GC-NBD peptides can be palmitoylated by intact SKOV3 cells, whereas the NBD-ALC(OMe)-Farn and Myr-GA-NBD peptides remain nonpalmitoylated. Well-resolved peaks representing the substrate peptides and the palmitoylated products of the Cys-containing peptides were verified by mass spectroscopy and can be quantified by their fluorescence. Therefore, the Cyscontaining lipopeptides provide biochemical tools for quantifying both farnesyl-and myristoyl-directed PAT activity within intact cells, and the Ala-containing lipopeptides can serve as nonpalmitoylated controls for localization in confocal analyses. To further characterize cellular PAT activities, doseresponse and time-course studies were performed with each substrate peptide. Dose-response studies indicate that the Myr-GC-NBD peptide accumulates in the cell in a significantly greater amount than the NBD-CLC(OMe)-Farn peptide, which may be attributable to the somewhat smaller size of the Myr-GC-NBD peptide (molecular weight 5 738) compared with the NBD-CLC(OMe)-Farn peptide (molecular weight 5 920). In addition, data shown in Fig. 4 indicate a difference in the ability of SKOV3 cells to palmitoylate the Myr-GC-NBD and NBD-CLC(OMe)-Farn peptides. Specifically, SKOV3 cells are able to maintain nearly complete palmitoylation of the Myr-GC-NBD peptide regardless of its concentration in the medium. In contrast, the cells could maintain maximal palmitoylation of the NBD-CLC(OMe)-Farn peptide to a concentration of only 1 mM. This suggests that SKOV3 cells have a greater capacity to palmitoylate proteins containing the N-terminal Myr-GC recognition motif than the C-terminal CLC-Farn motif. There are several possible reasons for this, including differences in the abundance and efficiency of the different PAT enzymes as well as differences in thioesterase activity. In any case, the lower cellular capacity of farnesyldirected PAT activity suggests that this class of PATs may be more amenable to pharmacologic inhibition than the myristoyl-directed PATs.
The time-course studies indicate that the uptake of the Myr-GC-NBD peptide is faster than the uptake of the NBD-CLC(OMe)-Farn peptide and that cellular levels of both peptides plateau after ?30 min. The differences in the kinetics also provide some clues to the location of the different PAT activities. For example, the majority of the Myr-GC-NBD peptide was located at the plasma membrane at 15 and 30 min. Because the palmitoylation of the peptide is essentially complete at those times, the myristoyldirected PAT activity is most likely located at the plasma membrane. This finding is consistent with previous studies in which the palmitoylation of N-myristoylated proteins increased localization to the plasma membrane, especially within lipid rafts (29, 30, 51) . Therefore, targeting of these proteins appears to occur through a kinetic trapping process in which the protein is palmitoylated at its final destination. It is less clear, however, where the farnesyldirected PAT activity is located, because there is a temporal lag before maximal palmitoylation is achieved and a significant amount of the peptide is internalized by 15 min. Therefore, it is unclear whether the NBD-CLC(OMe)-Farn peptide was palmitoylated in the plasma membrane, endoplasmic reticulum, Golgi, or trans-Golgi network, all of which have been reported to have PAT activity (52, 53) .
As shown previously by others (46, 47) , we confirm that the intracellular localizations of the palmitoylated and nonpalmitoylated forms of the farnesyl motif peptides are markedly different. For example, the nonpalmitoylated NBD-ALC(OMe)-Farn peptide localizes exclusively to the Golgi, whereas the palmitoylated NBD-CLC(OMe)-Farn peptide localizes to the Golgi and the plasma membrane. This difference indicates that palmitoylation of the NBD-CLC(OMe)-Farn is required for localization to the plasma membrane and that the lack of palmitoylation confines the peptide to the Golgi. This is similar to the intracellular trafficking of wild-type Ras proteins, in which that Ras localized to intracellular compartments including the endoplasmic reticulum, the Golgi complex, and the plasma membrane (54) (55) (56) (57) (58) . Additional reports indicate that the farnesyl motif targets Ras to the endoplasmic reticulum and the Golgi complex, whereas palmitoylation is required to exit the Golgi complex (54, 55) . Furthermore, the recycling of depalmitoylated and palmitoylated Ras appears to affect the localization of the protein, in that depalmitoylated Ras traffics from the plasma membrane to the Golgi complex, whereas palmitoylated Ras moves from the Golgi complex to the plasma membrane (56, 58) . The importance of this cycle to the localization pattern of farnesylated and palmitoylated proteins was further described by Rocks et al. (58) , who showed that irreversibly acylated N-Ras is nonspecifically associated with internal membranes, whereas reversibly palmitoylated N-Ras localizes to the Golgi and plasma membrane. Overall, our results support the hypothesis that the PAT responsible for the palmitoylation of Ras is located in the Golgi complex.
The localization of the palmitoylated and nonpalmitoylated myristoyl motif peptides is also different. The nonpalmitoylated Myr-GA-NBD peptide remains localized to the Golgi, whereas the palmitoylated Myr-GC-NBD peptide traffics to the plasma membrane. These results are supported by data from Schroeder et al. (47) , who used palmitoylatable Myr-GCG-NBD and nonpalmitoylatable Myr-GSG-NBD peptides in CV-1 cells. They found that the palmitoylatable form of the myristoyl motif peptide was localized primarily to the plasma membrane and that the nonpalmitoylatable form was localized to the Golgi. In addition, N-myristoylated and palmitoylated green fluorescent protein chimeras have been found to localize to the Golgi and the plasma membrane (59) , which is consistent with the localization of endogenous myristoyl motif-containing proteins such as the Src-related tyrosine kinase Fyn (60) . Overall, the localization results obtained in this study indicate that the NBD-CLC(OMe)-Farn and Myr-GCG-NBD peptides mimic the localization patterns of C-terminally farnesylated and palmitoylated proteins and N-terminally myristoylated and palmitoylated proteins, respectively. In each case, the cellular distributions of the palmitoylated and nonpalmitoylated forms of the peptides are markedly different.
In conclusion, we have developed quantitative cell-based model systems to monitor human PAT activities using peptides that mimic the N-terminal myristoyl-palmitoylation and C-terminal farnesyl-palmitoylation motifs. These peptides are cell-permeable and are rapidly palmitoylated by endogenous PATs. These data indicate that SKOV3 human ovarian carcinoma cells have substantially higher myristoyl-directed PAT activity than farnesyl-directed PAT activity, suggesting that the palmitoylation of Ras and other farnesyl motif proteins could be inhibited selectively. In related studies, we recently described the identification and characterization of selective inhibitors of farnesyl-directed and myristoyl-directed PATs that may provide new therapeutic agents (27) . The present model systems also provide means to identify additional human PATs (e.g., using gene-specific small interfering RNA knockdown of potential targets).
